Abstract A widely used, yet thus far unproven, fluid dynamical hypothesis originally presented by P. R. Owen 50 years ago, states that the surface shear stress induced by a fluid on the ground during equilibrium sediment saltation is constant and independent of the magnitude of the fluid velocity and consequently the particle mass flux. This hypothesis is one of the key elements in almost all current model descriptions of sediment erosion. We measured the surface shear stress in a drifting-sand wind tunnel and found Owen's hypothesis being merely an approximation of the real situation. A significant decrease of the fluid stress with increasing wind velocities was measured for low to intermediate particle mass fluxes. For high particle mass fluxes, Owen's hypothesis essentially holds, although a slight increase of the fluid stress was measured.
Introduction
Erosion and sedimentation are important primary processes shaping the surfaces of Earth and other planets. Depending on the particle size and weight of the sediment and the strength of the fluid forces on the ground, fluid flowing over a loose sediment surface may result in erosion. Particle entrainment is initiated once the fluid shear stress τ f = ρ u τ 2 acting directly on the ground, where ρ is the fluid density and u τ the skin-friction velocity (the fraction of u * acting on the ground), exceeds a certain threshold value τ t [e.g., Carneiro et al., 2011] . The three main particle transport mechanisms are rolling or creeping, saltation, and suspension. All three processes may occur simultaneously, though saltation is often the dominant mass transport mechanism [Sauermann et al., 2001; Pye and Tsoar, 1990; Doorschot and Lehning, 2002; Scarchilli et al., 2010] .
In his seminal paper on saltation of uniform grains in air, Owen [1964] hypothesized that "the concentration of particles within the saltation layer is governed by the condition that the shearing stress born by the fluid falls, as the surface is approached, to a value just sufficient to ensure that the surface grains are in a mobile state". Put differently, Owen assumed that in particle saltation layers the fluid shear stress τ f on the ground's stationary sediment is equal to the particle impact threshold shear stress τ t,i . This impact threshold is slightly lower than the fluid threshold τ t,f at which sediment becomes entrained solely by aerodynamic forces [Bagnold, 1941] . The fact that τ t,i < τ t,f is based on the principle that impacting particles ("particle splash") result in extra stress on the ground, referred to as the particle-born shear stress τ p [Shao, 2008] . The momentum τ p transferred by impacting particles is sufficient to eject stationary particles from a few millimeters to centimeters into the turbulent boundary layer. There, under aerodynamic skin and form drag action, the particles extract momentum from the flow and accelerate. This momentum extraction also results in deceleration of the air flow within the saltation layer. Thus, the more particles become entrained and transported within the saltation layer when fluid velocity increases, the more momentum the particles extract from the flow. However, a minimum fluid shear stress on the ground that must equal the impact threshold τ t,i is necessary to maintain the saltation layer and the particles in a mobile state.
This self-balancing mechanism is what Owen [1964] described in his second hypothesis, which is now widely used because it is one of the key elements in all simple model descriptions of sediment erosion [e.g., Doorschot and Lehning, 2002] . However, recent numerical studies [Werner, 1990; Kok and Renno, 2009; Kok et al., 2012] have suggested that Owen's second hypothesis might be incorrect. These authors found that τ f decreases with WALTER ET AL. increasing wind velocity and argue that Owen's hypothesis is based on an erroneous assumption. Owen [1964] assumed that particle splash plays a minor role in entraining sediment relative to aerodynamic entrainment. Kok et al. [2012] further argue that the presence of a Bagnold focus [Bagnold, 1941] in wind profiles contradicts Owen's second hypothesis, as their model cannot reproduce this focus when making use of the hypothesis. Fluid shear stress profiles, measured in particle saltation layers by Li and McKenna Neumann [2012] , show a decrease of the fluid stress toward the impact threshold as the surface is approached, a result supporting Owen's hypothesis. However, they were not able to measure close enough to the surface to draw a final conclusion.
A direct validation or disproof of Owen's second hypothesis has still been missing owing to the experimental difficulties involved with measuring fluid shear stress τ f on the ground in particle saltation layers, where moving particles may influence the measurements or even damage the often highly sensitive shear stress sensors [Bruun, 1995; Ho and Tai, 1998; Nemoto and Nishimura, 2001; Crawley and Nickling, 2003] . A comparatively robust sensor is the Irwin sensor [Irwin, 1981; Walter et al., 2012a Walter et al., , 2012b Walter et al., , 2012c . This sensor measures small pressure differences close to the surface that can be calibrated against the surface shear stress τ f , in a similar way to a Preston tube [Preston, 1953] . Obvious difficulties that sediment might block the pressure taps have been overcome by our measurement setup and allowed us for the first time to test Owen's hypothesis.
Methods
The skin friction velocities u τ were measured on the ground beneath drifting sand saltation layers in a controlled wind tunnel environment at the WSL Institute for Snow and Avalanche Research SLF in Davos, Switzerland ( Prior to the experiments, the pressure differences Δp between the Irwin sensor tubes and the sensor holes ( Figure 2 ) were calibrated against the skin friction velocity u τ using the glued sand surface, following a similar procedure to that in Walter et al. [2012a] , resulting in a measurement accuracy of ± 5% for u τ > 0.13 m s
À1
. The problem with Irwin sensor measurements in particle saltation layers is that the pressure taps have the potential of getting plugged by sand and that saltating particles might disturb the pressure reading resulting in erroneous u τ values. Sensor tests prior to the experiments showed that only for one of eight sensors, stuck particles (d 0.60 ) resulted in a 10% lower u τ reading after a strong erosive event than before; all other sensors showed differences of less than 1%.
The main assumption of this study is that the saltating particles do not disturb the u τ measurements using the Irwin sensors. As discussed above, plugging is unlikely. The only way in which a saltating particle can disturb the pressure reading is when it directly impacts on the sensor tube pressure tap (Figure 2 ). For such an 
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event, the pressure at the sensor tube is not representing the pressure induced by the flow for a very short time. Because this event additionally occurs very rarely, the error introduced to the continuous u τ reading has been estimated being as small as Δu τ < 0.001 m s À1 and thus negligible. A particle impacting on the sensor hole is assumed to have less or even no influence, as it can cover only a very small fraction of the ring-shaped pressure tap. Other particles flying close to one of the pressure taps influencing the air flow in its vicinity solely induce pressure variations representing the overall flow field. Generally, Irwin sensors were tested and successfully used in highly three-dimensional flows in the absence of well-developed boundary layers and constant stress layers in the past [Wu and Stathopoulos, 1994; Walter et al., 2012b Walter et al., , 2012c , so it is assumed that they work similarly well in sediment saltation layers.
Shadowgraphy images [Gromke et al., 2014] of the saltation layer were taken during the experiments to determine the particle mass flux Q. For this purpose, the saltation layer was illuminated with a light from one side of the wind tunnel, and shadow images of the particles were recorded with a high-speed camera from the opposite side. Three images were taken every 2 s at a frame rate of f = 2000 Hz. From these images, particle sizes and velocities were determined and used to calculate the particle mass flux Q of the lower part of the saltation layer (0-80 mm) which typically contains more than 90% of the entire mass flux [Burri et al., 2011] .
To test Owen's second hypothesis, the wind velocity U h was first continuously increased by increasing the wind turbine rotational speed using an automatic controller, then maintained constant and finally decreased gradually to zero. U h was measured with a fan anemometer at a height of h = 60 cm above the ground, thus always remaining above the saltation layer, which reached a maximum height of 30-40 cm for all experiments.
One experiment with and one without loose sand on the glued sand surface, where the latter one represents the reference case, was performed for each of the four setups. Owen's second hypothesis would predict that the skin friction velocity u τ should plateau at the impact threshold following the onset of saltation.
3. Results Figure 3 shows the averaged skin friction velocities u τ as a function of time for the four different experiments. Each data point is an average of 20 s and 11 Irwin sensors and represents quasi-stationary flow conditions as will be shown later. The variations between sensors represented by the error bars (1σ) are mainly a result of constant offsets between the 11 sensors resulting from (i) the sensor locations within the wind tunnel, (ii) the sensor calibration procedure, and (iii) the degree to which the sensors were flush mounted with the sand surface [Walter et al., 2012a] . The results show a linear increase of u τ with time, and thus with increasing U h for all experiments, which validates the high accuracy of the averaged u τ measurements. Additionally, the increase in u τ for both the loose sand surface and the reference case are identical for the experiment using a grain size of d 0.60 (Figure 3b ), which proves that the flow for both cases was similar without any influence of the 1 cm sand layer and the tiny ramp (Figure 1 ) that occurs when gradually discontinuing the loose sand in front of the Irwin sensors. Small deviations in the linear increase between the reference experiments using the glued sand surface and the saltation experiments found for the other particle diameters (Figures 3a, 3c , and 3d) are probably a result of the different sand particles used for the reference cases (d 0.60 ) compared to the loose sand cases (d 0.35 , d 0.72 , and d 0.95 ) which might slightly alter the surface roughness and thus the air flow. That the error bars during the erosive event do not increase compared to the reference measurement further supports the above assumption that saltating particles do not significantly influence the u τ measurements. 
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The increase of U h (t) for the erosion experiment was slightly stronger than for the reference case ( Figure 3b ). This is most likely due to an apparent reduction of the wind-tunnel cross section as a result of the saltation layer. The wind-tunnel ceiling was adjusted prior to the experiments to remove stream-wise pressure gradients.
The calculated particle mass fluxes Q shown in Figures 3a, 3c , and 3d artificially saturate after some initial strong increase because a significant amount of particles could not be detected by the evaluation algorithm due to high particle densities at higher wind velocities (shaded data points in Figure 3) . A movie of the measurements using the grain size d 0.60 together with a summary of the results and the discussion from the following section can be found in the supplemental online material [Walter, 2014] .
Discussion
For all four experiments, the skin friction velocities with and without saltation increased equally with increasing wind velocity U h at the beginning of each experiment (Figures 3a-3d ). In the absence of particle saltation, u τ continues increasing linearly, reaching a plateau of about u τ = 0.4-0.55 m s À1 depending on the experiment.
In the presence of saltation, fluid threshold shear stress τ t,f for aerodynamic entrainment was reached after around t = 120-270 s depending on the experiment, resulting in the development of a particle saltation layer and thus a deviation of the linear increase of u τ . This deviation suggests that enough particles are entrained extracting sufficient momentum from the flow resulting in a measureable reduction of u τ . From there on, the u τ values gradually decrease for all experiments, while the wind velocity and thus the particle mass flux further increased, a result that agrees well with recently presented model results of Kok et al. [2012] and supports their arguments against Owen's hypothesis based on the typical occurrence of a Bagnold focus.
Because the decreases of u τ are not that strongly pronounced in Figure 3 as a result of the averaging procedure and the scaling of the figures, Figure 4 provides a detailed representation of the continuous u τ decreases as a function of the wind velocity U h . The box plots prove that there is a strong and statistically significant decrease for all experiments that span a velocity range of ΔU h ≈ 2 m s À1 above the erosion threshold and thus a relatively large range of particle mass fluxes. This decrease in u τ is resulting from an increasing influence of particle splash in entraining sediment. The increasing particle mass flux becomes 
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more and more efficient in extracting momentum from the flow so that u τ gets gradually reduced from the fluid threshold toward the lower particle impact threshold (τ t,i < τ t,f ). The continuous decrease found in this study contradicts Owen's second hypothesis which suggests an instantaneous reduction of u τ to the impact threshold as soon as saltation is initiated.
To prove that this continuous decrease is not an artifact resulting from quasi-stationary flow conditions, three additional experiments under stationary flow conditions at U h = 16, 17, and 18 m s For our other grain sizes, the impact threshold is typically slightly less than 15% lower than the fluid threshold. This is most likely a result of the averaging procedure leading to a slight underestimation of the peak in u τ at the fluid threshold (Figures 3 and 4 ) in our quasi-stationary experiments, where u τ changes from an increase to a decrease. This also explains the deviation between our u τ result of the stationary and the quasi-stationary experiment for d 0.72 at a velocity of U h = 16.1 m s À1 in Figure 4c . That the impact threshold is equal or less than 15% below the fluid threshold for our experiments shows that u τ does not decrease below the impact threshold for any grain size which contradicts the simulations of Kok et al. [2012] who found a decrease below the impact threshold.
After the decrease of the skin friction velocity from low to moderate particle mass fluxes, u τ remains constant at the impact threshold or even slightly increases again for all experiments; except for the largest particle size d 0.95 in Figure 3d for which the maximum possible wind tunnel wind velocity had been reached. This suggests that the transition from aerodynamic to impact entrainment is completed, that the latter one entirely dominates the erosion process, and that Owen's hypothesis essentially holds for high particle mass fluxes. The slight increase in u τ might indicate another transition from one dominating to another dominating mechanism which has not been identified so far. A possible mechanism for this slight increase could be a process in which particles with high velocities impacting at the surface slightly increase the near ground wind velocities through momentum transfer. For increasing particle mass fluxes or wind velocities, the amount of impacting particles with velocities higher than the constant near ground fluid velocity increases, although the mean horizontal particle velocity may still be lower than the fluid velocity as found by Rasmussen and Sørensen [2008] .
The slight decrease of u τ during the velocity plateau for the smallest particle size d 0.35 may either be a result of the long-term (several ten seconds) adjustment of the boundary layer to the change in surface roughness [McEwan and Willetts, 1993] , or because of armoring or a depletion of the sandbed which reduces the mass flux at similar time scales [e.g., Kok et al., 2012] . However, such a decrease could not be detected for the other particle sizes. Once U h gets decreased below a certain value after the velocity plateau, the decreasing influence of impact entrainment results in an increase in u τ of the same order of magnitude as the decrease at the beginning (Figure 3 ). When finally too few particles are available to extract a significant amount of momentum from the flow and to maintain the saltation layer which finally collapses, u τ continues decreasing linearly exactly as the reference measurement without saltation. According to the results from Figure 3 , the average level of the particle impact threshold skin friction velocity (τ t,i /ρ) 1/2 is increasing from approximately 0. 
Summary and Conclusions
Our results show that the surface shear stress in particle saltation layers gradually decreases from the fluid to the impact threshold for low to intermediate particle mass fluxes within a range of free stream velocities of 0-2 m s À1 above the fluid threshold. This contradicts Owen's second hypothesis of an instantaneous decrease suggesting that it is an improper assumption for accurately modeling sediment erosion. However, the measured decreases are-albeit being significant-of rather small overall magnitude (Figure 3) , such that Owen's hypothesis may be seen as a first-order approximation. For high particle mass fluxes, Owen's hypothesis essentially holds, despite a small increase found in u τ . As a consequence, saltation models using Owen's second hypothesis should be validated given the new fact that the hypothesis is only an approximation of the real situation.
Generally, our results suggest the following transitional processes occurring for sediment erosion: (i) particles get aerodynamically entrained once the fluid threshold is reached; (ii) from there on, the skin friction velocity gets gradually reduced as a result of the increasing mass flux which becomes increasingly efficient in extracting momentum from the flow; (iii) once the entire particle entrainment process is dominated by impact entrainment, u τ gets not further reduced below the impact threshold by additional impacting particles; and (iv) another process, which might possibly be the transfer of momentum from impacting particles with high velocity to the near ground flow, might results in a slight increase of u τ for high particle mass fluxes.
The results of this study furthermore support the perception that particle splash is the more efficient way of transferring momentum to the stationary surface particles than fluid drag [Kok et al., 2012] . A reconciling interpretation may be provided by considering splash and fluid drag as complementary rather than conflicting entrainment processes. Even though splash is needed to slightly lift the particles away from the surface, a minimum fluid shear stress of about τ t,i is still necessary to transfer sufficient momentum to the particles and to transport them within the turbulent boundary layer flow, thus to maintain the saltation layer. The deviations from this impact threshold τ t,i , which were not predicted and described by Owen but measured in this study, can now be explained by the changing influence of splash versus aerodynamic entrainment and the momentum exchange between the particles and the flow, processes that are depending on the mass-flux magnitude.
Further investigations may incorporate highly resolved u τ measurements close to the fluid and the impact threshold under stationary flow and saltation conditions as well as investigations of possible mechanisms responsible for the stagnation of the decrease and the potential slight increase after the impact threshold is reached.
